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Abstract

This thesis reports work related to scintillating fibre trackers. Successively presented are a study
on attenuation length measurements of scintillating fibres, the development of a detector control
system, a performance study of services, usage of a detector control system during physics data
taking and the corresponding analysis of elastic scattered protons.

The Scintillating Fibre (SciFi) tracker is part of the Upgrade | of the LHCb detector that is
currently carried out during the second Long Shutdown period of the Large Hadron Collider
(LHC). A systematic study was carried out on attenuation lengths measurements of scintillating
fibres used for the SciFi tracker. To obtain a percent level precision, needed to determine a possi-
ble aging effect, it was shown that a single measurement per fibre does not suffice and multiple
measurement are required.

The development of SciFi detector control system has undergone a first iteration from the pro-
totype stage to the assembly and commissioning of final detector components, that is ongoing
in the assembly hall at point 8. The controls of low-voltage power supplies have substantially
improved by the use of a newly installed OPC-UA server, which to date has maintained a stable
connection. The following detector services and front-end components are monitored: Novec
cooling, dry gas, vacuum, heating wires, SiPM temperature, SiPM voltage and front-end board
temperatures. The monitoring on the first c-frame has been essential for an initial performance
study of the services. The obtained results from the analysis have indicated that there is satisfac-
tory control over the SiPM temperature and the cold box environment. Furthermore, it provides
a first input to the settings needed for operating the final detector.

In October 2018, data of elastic scattered pp was taken with the Absolute Luminosity For ATLAS
(ALF%) detector, a small scintillating fibre tracker. The experiment was conducted at the LHC
with “ s =900 GeV and =100 m collision optics to access the Coulomb-Nuclear-Interference
region. Special collimation settings were used to ensure good beam background conditions and
has led to a successful data taking campaign. The setup of the optics should enable for measur-
ing the total cross section, o, Via the optical theorem and a determination of the parameter,
the ratio between the real and imaginary scattering amplitude. The ALFA detector might possi-
bly be sensitive deeply enough into the Coulomb region to enable for a precise measurement of
the absolute luminosity.

A first study on the collected data has formed the basis for the analysis framework that ulti-
mately should lead to the extraction of the physics parameters. From a thorough inspection on
the layer efficiencies of the detector it can be concluded that the performance of the detector dur-
ing data taking was satisfactory. No indications of significant aging and radiation damage was
observed and the few layers showing low efficiencies were likely to have been affected by non-
optimal timing configuration of the electronics. The convoluted detector resolution is found to
have a dominant contribution from multiple scattering due to the unusual low energy. Inspec-
tion of data plots has revealed a feature in the form of an ellipse orientated perpendicular to the
main correlation axis for the x coordinates. As a consequence the current selection criteria of
elastic candidates will have to be revisited. A thorough simulation study has shown the depen-
dence of the elastic signal on the beam spot width, divergence, and detector resolution, all in
combination with the design optics.
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Preface

The principle scope of this thesis is formed by scintillating fibre trackers in high energy physics.
In the work presented, this topic is widely covered from measurements on properties of scintil-
lating fibres to the analysis of data from a scintillating fibre tracker. It elaborates on a number
facets one encounters along the way to the realisation of the aforementioned. The outline of the
thesis successively deals with the consecutive steps from a physics case to a result. It is intended
to be read as a single piece of work, but can alternatively be divided in two distinct parts. The
two parts are constituted by the LHCDb SciFi tracker and the ATLAS-ALFA detector, both part of
experiments conducted at the LHC at CERN. The former is currently build up during the second
Long Shutdown period of the LHC, while the latter is operational and has been used during a
physics campaign in autumn 2018.

As a technical student at the CERN LHCb Detector Group, the work done on the SciFi Detector
Control System is of importance to the successful assembly and operation of the new detector.
As a master student at the High Energy Physics group at the Niels Bohr Institute, the work done
on the initial setup of the analysis is of relevance in gaining understanding of elastic physics at
an extraordinary low energy. The suitable title "Forward Physics and Scintillating Fibre Trackers
at the Large Hadron Collider’ applies to both detectors and intends to emphasize the cohesive
character of the presented works.
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Chapter 1

Introduction

Since ancient times humanity has been wondering about the fundamental structure of the uni-
verse. In the past century, tremendous developments in our understanding of fundamental
physics paved the way for a new era in which our perceptions of the nature of space, time and
mechanics were revolutionized. Decades of effort ultimately led to a detailed picture of fun-

damental matter. Particle physics has made important contributions to the understanding and

development of theoretical models. The Standard Model describes the physical world by ele-
mentary particles and their interactions and is the most successful theory to date.

The 2012 discovery of the Higgs boson meant the de nite completion of the framework in
which three fundamental forces, the electromagnetic, weak and strong force, are described. Even
though the Standard Model currently offers the best description of the universe, it does not pro-
vide a complete description. In particular, experiments have found the neutrinos to have mass
which is in contradiction with the Standard Model prediction and the remaining fourth force, the
gravitational force, is not included in the theory. In general, the origin of the neutrino masses,
the hierarchy problem, baryon asymmetry, dark matter and dark energy remain open questions
in fundamental physics.

The Large Hadron Collider (LHC) at Conseil Européen pour la Recherche Nucléaire (CERN)
is the most energetic accelerator in the world. The LHC offers a window to study the processes
that took place in the earliest stages of the universe. By recreating these conditions, physicists
hope to nd the answers to some of the aforementioned questions. Four large experiments
take place at different locations along the 27 km circular accelerator: ATLAS, CMS, ALICE and
LHCb. The ATLAS and CMS experiments have jointly announced their discovery of the Higgs
boson. With the most energetic accelerator at hand the experiments continue to explore the en-
ergy frontier. The ongoing studies can be mainly categorised as precision studies of Standard
Model processes and searches for new physics beyond the Standard Model. In studies where
there is a tension between the prediction and experimentally observed values, the former may
be a lead to the latter.

Open questions related the lack of symmetry between matter and anti-matter are partly ad-
dressed through the study of CP violation by the LHCb experiment. The initial core of the
experimental program of LHCD is formed by precision measurements on CP violation in the ¢
and b quark sector as well as rare decays of B hadrons [1]. The physics is predominantly pro-
duced in the forward region, hence the detector holds a special single-arm forward spectrometer
design. The program further extends to measurements of rare decays of C hadrons as well as
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tests of lepton universality. Various crucial measurements are currently statistically limited and
to improve the precision of the studies, the luminosity of the experiment will be increased upon
completion of the ongoing second Long Shutdown period of the LHC [2]. In order to meet the
demands that come with the new conditions, the LHCb detector is currently subject to a major
refurbishment, referred to as Upgrade I. The new upstream Scintillation Fibre (SciFi) Tracker
forms a major part of this upgrade, which is part of the subject of this thesis.

The ATLAS experiment holds a special set of forward detectors, Absolute Luminosity For AT-
LAS (ALFA), that are dedicated to study processes in a region where the theory can not provide
precise descriptions due to the lack of perturbative methods. Among other things, the ALFA de-
tectors can study elastic scattered protons which appear under very small angles in the forward
regions. Hence, the detectors are placed approximately 240 m downstream of the interaction
point to be able to measure the scattered protons. Elastic scattering is worthwhile to study since
it provides measurements of the total cross section,  and parameter, the ratio between real
and imaginary part of the forward scattering amplitude. The total cross section is needed for
many analyses and both of these parameters are relevant for the design of a future hadron col-
lider. Recent measurements on these parameters have further established a tension between the
results and predictions by theory, underlining shortcomings in current used models [3]. A new
elastic physics campaign at a center-of-mass energy of 900 GeV has been carried out that should
help to discriminate between newly proposed models.

In High Energy Physics the reconstruction of the trajectories of electrically charged patrticles,
called tracking, is an integral part of event reconstruction. Tracking is an important task in
which precise position measurements provide vertex and momentum information. For tracking
detectors there are three major technologies: silicon detectors, gaseous detectors and bre track-
ers. The measurement closest to the interaction point are usually silicon detectors that aim to
measure the primary interaction vertices and secondary vertices from long lived particles. The
second class of tracking aims to measure the momentum of charged particles by determining the
curvature in a magnetic eld. The SciFi tracker belongs to the second class and is composed of
scintillating bres. The ALFA detector is also a bre tracker made from scintillating bres, a spe-
cial type of tracking detector since it does not belong to neither of the above classes. Its precise
position measurements are used to reconstruct the four-momentum transfer in the elastic inter-
actions. ALFA and SciFi share their active material, scintillating bres, and are both forward
detectors. The former is likely the smallest type of scintillating bre tracker covering a sensitive
area of only tenths of cm?, whereas the latter is the largest sized tracker of this technology with
a total sensitive area of 340 n?.

This thesis is divided in four major parts that hold the following titles : Physics, Experimental
Setup, Control Monitoring and Operation and is concluded with Data Analysis. The theoret-
ical framework and physics case of elastic physics at a center-of-mass energy of 900 GeV will
be introduced in the rst part. The second part provides the necessary background informa-
tion on the Large Hadron Collider, Scintillating Fibres, the SciFi tracker and the ALFA detector.
In the third part work on the development of supervision rmware of the SciFi tracker will be
presented together with a performance study of the services. The operation of ALFA detector
during elastic physics campaign is also presented and provides information on the data taking
conditions. The work is concluded with the data analysis of elastic scattered protons at center-
of-mass energy of 900 GeV and 100 m optics.
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Chapter 2

Theory

This chapter provides an introduction to the theory part of the physics that is under study of the
elastic physics program at a center-of-mass energy of 900 GeV. It contains a brief introduction of
the Standard Model and the relevant forces. This is followed by an explanation of the kinematics
involved in proton collisions. Especially, elastic scattering will be clari ed along with a theoret-
ical model and expression for the elastic differential cross section. Finally, the physics case for
proton-proton elastic scattering at a center-of-mass energy of 900 GeV is presented. Unless oth-
erwise stated, the presented information in this chapter is obtained from [4].

2.1 The Standard Model of Particle Physics

Particle physics studies the nature of the universe through the fundamental constituents of mat-
ter and the forces acting between them. Since the development of the theory in the early 1970s,
these have been successfully described by the Standard Model (SM). The SM is a theory that
contains two types of elementary particles: fermions with half integer spin and bosons with
integer spin. The SM consists of 24 types of fermions, which are equally divided into quarks
and leptons. Both quarks and leptons are subdivided following a hierarchy of three ‘genera-
tions'. Each generation consists of a pair of leptons, a pair of quarks and for each patrticle there
is an associated anti-particle. All known matter in the universe is made up out of fermions.
The lepton and quarks all have a spin of S = 1/2. The fermions are complemented by gauge
bosons responsible for the force carriers of the electromagnetic, weak and strong forces and the
Higgs boson, responsible for particles to obtain their masses. The SM is able to describe three
fundamental forces. Listed in order of decreasing strength they are: the strong force, the elec-
tromagnetic force and the weak force. Characteristic time scales of processes due to the strong
force are within 10 22 seconds, electromagnetic interactions take place between 101* and 10 2°
seconds. Processes due the weak interaction are relatively slow and typically occur within 10 8
and 10 '3 seconds, with way faster and slower exceptions [5].

The interactions of particles due to a particular force acting between them are mediated by the
gauge bosons, also called force carriers. All force carriers of the forces contained in the SM have
a spin of S = 1. The gluon is the force carrier of the strong force. There are 8 gluons associated
to the strong interaction, which are all massless particles. The photon is the force carrier of the
electromagnetic force, the W*, W and Z bosons are the force carrier of the weak force. Under
gauge symmetry all four force carries should in principle be left massless. Due to the symmetry
breaking induced by the Higgs eldthe W *, W and Z obtain their masses, whereas the photon
is left massless. The range of the weak and strong interaction are of very short range, 10 8 and

5
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Figure 2.1: The standard model particles, force carriers and the Higgs boson [6].

10 5, respectively. The range of the electromagnetic interaction is in principle of in nite range.
The fourth known force in nature, the gravitational force is not yet included in the SM. The pos-
tulated force carrier of gravity is the gravition, a massless particle of spin S = 2. The inclusion of
gravity into a single theoretical framework containing all forces is subject to many studies.

The electron e is probably the most well known particle of the lepton family. The electron
neutrino ¢ is an elusive particle associated to the electron, forming a doublet. The lepton family
is completed by two other doublets, namely the muon and its muon neutrino and the tau

and its tau neutrino . The electron, muon and tau carry a negative charge of -1e, where e
is the magnitude of the elementary charge carried by a single proton or electron, the neutrinos
are neutrally charged. The electron, muon and tauon interact through the electromagnetic and
the weak force, while the neutrinos only interact through the weak force. The properties of a
doublet is therefore identical for every generation. The three generations are only distinctive
through the masses of the particles, the 1st generation in the hierarchy is the lightest. The elec-
tron is the only stable particle. The absolute masses as well as the hierarchy of the neutrinos
have yet not been determined. As stated above, for each particle there exists an anti particle,
which is almost identical, except it carries the opposite charge of the particle. The positrone * is
the anti-particle of the electron, the anti particle of the muon, tau and all neutrinos do not have
their own name and are referred to with an additional anti- in front of their names.

Similar to the leptons, the quark family is made up out of three generations. Each generation

is again represented by means of a doublet. The rst and lightest doublet is made up from an
up quark (u) and a down quark (d). The quark family is completed by doublets of a charm (c)

6
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complemented by a strange (s), and of a top (t) complemented by bottom (b). The up, charm and
top carry a charge of +2/3e, the down, strange and bottom carry a charge of -1/3e. The doublets
are mutually identical, except for their masses by which they are ordered into the three gener-
ations. The hierarchy is identical to that for the leptons. Only quarks of the rst generation are
stable, quarks found in the second and third generation have (very) short life times. For every
quark there is exists anti-quark, which are identical particles of opposite charge. Unlike lep-
tons, quarks carry color charge through which they couple to the strong interaction. Quarks can
therefore interact through the electromagnetic force, weak force and the strong force. As a con-
sequence of the nature of the strong force no isolated quark has been ever observed. Composite
quarks held together by the strong force are collectively known as hadrons. The proton and neu-
tron are perhaps the most well-known hadrons. They are part of a group called baryons, build
up from three quarks. Another group among the hadrons are the mesons, consisting of a quark
anti-quark pair. Recently also tetraquarks and pentaquarks have been observed in experiments,
consisting of 4 and 5 quarks, respectively [7, 8].

2.2 Coulomb and Nuclear Force

The SM describes the fundamental particles and their interactions through the mathematical
framework of Quantum Field Theory (QFT). QFT is concerned with phenomena at small dis-
tances up to the size of the atom and at velocities near the speed of light. It therefore combines
two pillars of modern physics: quantum mechanics and special relativity [9]. In this formalism
the particles are treated as excitations of underlying fundamental elds. For a eld to interact
via one of the forces it needs to posses the corresponding charge of this particular force. There
are three charges incorporated into the SM, namely: charge, avour, colour. They are the corre-
sponding charges of the electromagnetic force, the weak force and the strong force, respectively.
Each force can be described by a theory: the theory of the electromagnetic force and the weak
force are usually treated by the uni ed Electroweak (EW) theory and the theory of the strong
force is called Quantum Chromodynamics (QCD). The description of the electromagnetic force
is originally developed separately by the theory called Quantum Electrodynamics (QED). The
proton-proton interactions studied in this work are all of small momentum transfer. It is in this
regime where, under the direct in uence of its massive force carriers, the weak interaction is
truly weak and can therefore be neglected. QCD and QED are of importance for the interactions
studied throughout this work and will be explained a bit more detailed.

The processes studied are under the in uence of forces described by QED and QCD, namely
the coulumb force and the nuclear force. Already mentioned is that for a particle to undergo an
particular interaction it needs to posses the corresponding charge of that eld. Beside this, the
strength does also depend on a coupling constant between the elds that undergo interaction.
The coupling constants are however not true constants, but have dependence on the momen-
tum transfer involved in the interaction between particles. Altering of the coupling constant

is an aspect of the underlying formulation of the QFT, referred to as running of the coupling.
The behaviour of this running is related to the internal algebra used to construct the theory. A
theory should satisfy the gauge principle, the invariance of the laws of physics under local trans-
formations of variables of that eld. The transformations form a group satisfying an underlying
symmetry. The generators of the group are each associated with a eld with a corresponding
particle called a gauge boson. The symmetry group of QED is U(1) and has one generator which
is the photon. The U(1) group is Abelian and thus the photon does not carry the electrical charge
itself. As a consequence there is no self interaction possible between photons, which impacts the
running of the coupling constant. Similar to the electric charge of the electromagnetic force, the

7
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Figure 2.2: Feynam diagrams of the three possible vertices of QCD, gindicating a gluon and ¢/ q
indicating a quak/anti-quark.

charge associated to the strong force is called color. Color introduces three additional quantum

numbers to particles that couple to the strong force, called blue, green and red. The symmetry

group of QCD is SU(3) and has 8 gauge elds associated to it that make up the generators of
this group. The SU(3) is a hon-Abelian group and its generators therefore carry the color charge
themselves. Thus, the 8 gluons can interact with each other. As a result of this, QCD has 2 ad-
ditional vertices which are not present in QED. The three possible QCD vertices are shown in

Figure 2.2. Of three vertices only the rst type of vertex is possible in QED, given a replacement

of the letter g by and q=g are joined by the I=I possibility.

2.2.1 Running of the Coupling Constants

As a consequence of the self interactions that are present in QCD, the behaviour of the running
of the coupling constant is different from that of QED. For this one has to look at the effect of
charge screening in both theories. In QED, charged patrticles are surrounded by a cloud of virtual
photons and electron/positron pairs that continuously pop in and out of existence. As opposite
charges attract each other, an electron is more closely surrounded by virtually positrons that
cause the effect of screening of its negative charge. This effect is called vacuum polarisation.
As a consequence of this, in QED the effective charge become smaller with increasing distance.
The screening effect results in a running coupling constant that becomes large at short distance.
Higher interaction transfer thus leads to a stronger coupling constant in QED.

2.1)

Equation (2.1) gives the expression in which one can calculate the ne structure constant at
any given energy transfer ¢? if it is known for a particular momentum transfer 2. The ne
structure constant is about 1/137 at ¢ equal to 0 GeV, rising to 1/128 at ¢ equal to 90 GeV, the
mass of the Z. Thus, indeed the coupling strength increases, but the ¢ dependence of coupling
is rather weak. Charge screening in QCD works similar to the QED, but here the effect of gluons
carrying color charge changes the effect. The QCD vacuum consists of virtual quark anti-quark
pairs, however in addition it is now also lled with virtual gluon pairs. Since they carry color
charge themselves, the effective charges becomes larger at larger distances. This effect is called
antiscreening. Higher interaction transfer thus leads to a weaker coupling constant in QCD.

s( 9 _ _ 1INc  Nf_

(qZ): ’ -
) 1+B §( )L % 12

(2.2)



2.2. Coulomb and Nuclear Force

Equation (2.2) gives the expression for the strong coupling constant at any given momentum

transfer ¢?, once it is known at a particular momentum transfer 2. Here N¢ is the number of
colors, N¢ is the number of quarks and B is therefore a positive number given these are 3 and
6, respectively. The strong coupling constant s is about 0.5 at a¢? equal to the proton mass
of about a GeV and decreases to 0.12 at af equal to the mass of the Z. At short distances the
strong coupling constant becomes small. The quarks that are packed together inside hadrons
can therefore be regarded as free when probing them with large enough energies. This property
of QCD called asymptotic freedom. If we go to large distances, the coupling becomes so strong
that it is not possible to isolate a single quark. At a certain distance it is more favourable to

create a quark anti-quark pair and the process of hadronization starts. This effect is called color
con nement and is the reason that no isolated quark has ever been observed.

Figure 2.3: The strong coupling constant as a function of the momentum transfer [10].

2.2.2 Proton Collisions

The proton is not an elementary particle and this is of importance when studying proton-proton
collisions. When considered at low energy, the proton can mainly be considered as a bound
state of two up type quarks and one down type quarks. The color combination is such that it
leaves the proton colorless, as a consequence of the color con nement. Probing the proton at
higher energies will shift the picture of the proton and will reveal additional sea quarks and
sea gluons. Hence to image of the proton continuously changes as a function of the energy at
which it is probed. In experiments the dynamical collection of quarks and gluons, called Par-
ton Distribution Functions (PDFs), have been previously studied and are of importance for the
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understanding of the proton structure. This all is consequence of the nature of the QCD theory,
as previously explained the color charge particles are continuously surrounded by virtual quark
anti-quark pairs and virtual gluon pairs.

When colliding protons, one collides the valence quarks, sea quarks and sea gluons. At large
momentum transfer, the interactions are in fact between two constituents of the proton. How-
ever, for small momentum transfer the proton can be considered as a whole. Depending on
the energy of the momentum transfer, one can either calculate the interactions with perturba-
tive QCD or not. This depends on the strong coupling constant, when signi cantly below 1 the
processes become calculable since the expansions converge. This makes it possible to calculate
interactions at high momentum transfer whereby one can regard the constituents of the proton
as quasi free particles. These are the classi ed as hard interactions, the regime in which pro-
cesses are calculable with perturbative QCD. For soft interactions the momentum transfer is low
and hence perturbative QCD can not be applied. Then there is a special sub class of soft in-
teraction, namely the elastic interaction in which one has (very) small momentum transfer that
only leads to a change of momentum. This means the strong coupling constant g is largest and
hence perturbative QCD is also excluded here. Since QED has a small coupling constant already
and it varies little, perturbative QED calculations are applicable for all these processes. Elastic
proton scattering is a process dictated by the interplay of QCD and QED, since the exchange of
a photon as well a system of gluons can lead to change in momentum.

2.3 Elastic Scattering

Elastic proton-proton ( pp) scattering is a process in which only leads to a change of momentum.
Since elasticpp scattering involves small momentum transfer, a description of is not calculable
with perturbative QCD and instead one has to rely on phenomenological models. With elastic
scattering one thus probes the strong force in a regime where the understanding is not suf cient.
In this section the kinematics of elastic pp will be explained, the models to describe the elastic
differential cross will be introduced and will be concluded with the motivation for elastic scat-
tering at a center-of-mass energy of 900 GeV.

Figure 2.4. A schematic depiction of the elastic scattering process, with the incoming particles
denoted with four momentum p; and p; and the outgoing particles denoted with four momen-
tum pz and pa.
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2.3. Elastic Scattering

2.3.1 Kinematics

Elastic scattering is de ned by the fact that there is only four-momentum transfer between the
particles and no quantum numbers are exchanged between the incoming particles. The initial
kinetic energy of the incoming particles equals the kinetic energy of the outgoing particles af-
ter they have been subjected to an interaction. This is shown by a schematic of the process in
Figure 2.4. The center-of-mass energy squared of the system of two colliding particles with four
momentum p; and py is given by the Mandelstam variable s[9]:

s=(p1+ P2)?=(E1+ E2)? (p1+ p2)* (2.3)

Both incoming particles are protons with equal momentum but in opposite direction, therefore
this can be written out as follows :
s= Ef+ EZ+2E1E, 2p*+2p1p>

= 4( mg + p?); 24)

where p1 and p» are the initial four momentum of the particles, m  is the mass of the proton.
The momentum transfer between patrticles is given by the Mandelstam variable t :

t=(p1 ps)?
=(E1 Es3) (p1 p3)? (2.5)
= 2p?+2p?cos;

where is the scattering angle of the outgoing particles. This angle in the forward direction is
very small and hence one can approximate :

2
t 2P +2p1 )
= (p)*

This nal relation between the momentum transfer t, the momentum of the proton and the scat-
tering angle is of importance for the design of the detector, since it directly relates the distance
to the beam to a smallest reachablet value [11].

(2.6)

2.3.2 Elastic Differential Cross Section

The cross section of a scattering process is the measure of the probability that two particles will
undergo an interaction. The differential cross section can be given with respect to momentum
transfer t. The protons carry electric charge and color charge and will therefore undergo both
interactions described by the Coulomb force as well as the Nuclear force :

c(jTt = jFj*= jFcé O+ Fyj% (2.7)
in which F is the total scattering amplitude that can be split into contributions arising from  Fc¢,
the coulomb scattering amplitude and Fy, the nuclear scattering amplitude. Here isthe ne
structure constant and (t) is a phase that describes the interference between both components
of the scattering amplitude. Both contributions will be explained a bit more detailed in the fol-
lowing parts.

11
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Figure 2.5: Tree level Feynman diagram of the Coulomb part of the elastic scattering amplitude.

Coulomb Scattering Amplitude

The coulomb scattering amplitude accounts for the electromagnetic part of the interactions that
elastic scattered protons are subjected to. The ne structure constant is well below 1 for a wide
range of momentum transfer and one can therefore apply perturbation theory for the electro-
magnetic part, described by QED. The dominating Feynman diagram associated to the electro-
magnetic process is shown in Figure 2.5. In the elastic scattering processes the smallest four-
momentum transfers are studied for which the wavelength of the exchanged photon between
the protons is long compared to the size of the proton. The photon thus experiences the pro-
ton as a whole and the interaction is therefore not between the constituents of the proton but
rather it is between the protons. The form factor of the proton is needed for a description of the
electric charge distribution. For increasing momentum transfer the wavelength decreases and
the photon will become sensitive to a part of the charge held by the proton, hence the scattering
amplitude will decrease.

The dipole approximation will be used throughout this analysis, in which the charge distribu-
tion of proton is described by an exponential decrease as a function of the distance. The electric
form factor is Fourier transformed into momentum space giving the following expression :

2

G(t) = © =0 71 GeVZ (2.8)

+ ]t

This dipole model has been ruled out by data, but many of the alternative models that have
been tted to data lack of physical interpretation. Given a form factor G(t), the expression for
the Coulomb term of the elastic scattering amplitude can be written as [4] :

P62

(2.9)
Iy

Nuclear Scattering Amplitude

The nuclear scattering amplitude accounts for the strong part of the interactions that elastic

scattered protons are subjected to. The strong coupling constant is too large in the range of mo-
mentum transfer, and perturbative QCD can not be used the calculate the nuclear amplitude.

12



2.3. Elastic Scattering

Figure 2.6: Possible interactions exchange multi-bodied objects that may contribute to the Nu-
clear component of the elastic scattering amplitude.

Furthermore, the corresponding tree level Feynman diagram to that of the photon does not exist
in QCD. The gluons carry color charge and can therefore not mediate elastic scattering since it
would imply an exchange of quantum numbers. The description of the nuclear component of
the scattering amplitude is therefore rather complex and of high interest of ongoing studies to
which this analysis might contribute to.

In an elastic scattering no qguantum numbers are exchanged and hence the object exchanged on
behalf of the nuclear force should be colorless. This would mean a composite particle in which
its constituents carry color charges that together form a neutral composition. A description of
elastic pp interactions is given by a formulation called Regge theory [12]. Regge solved the non-
relativistic scattering equation for a spherically symmetric potential and analytically extended
the partial wave amplitudes, expressed as a function of angular momentum, to also obtain their
imaginary parts [13]. The singularities of both the real and imaginary parts of the partial wave
amplitudes of the solution are function of four-momentum transfer t:

= (1); (2.10)

here | is the angular momentum. These de ne the Regge trajectories. The real solution are
found to correspond to known baryons and mesons, which are colorless particles and hence
could function as a mediator of the elastic interaction. Regge trajectories can be expressed using
linear expansionas (t)= o+ {t)[13]. Atlow energy the Regge theory was able to describe
the cross section at lower center-of-mass energy, but comes short to do so for higher center-of-
mass energy. Pomeranchuck proved that the cross sections for hadron anti-hadron and hadron
hadron become equal at higher center-of-mass energy, which required the existence of an ad-
ditional Regge trajectory [13]. This Regge trajectory is called the Pomeron, which dominates at
high energies. By including this Pomeron trajectory, the Regge theory is able to describe the
behaviour of the scattering cross section with increasing center-of-mass energy. The Pomeron
has the quantum numbers of the vacuum and does not correspond to any of the known particles
that carry integer spin. In QCD the Pomeron is thought to be compatible with colorless multi-
gluon objects called glue balls. A schematic of the possible processes associated to the strong
interaction is given by the diagram in Figure 2.6.

The elastic processes involved in the study presented in this work are in the momentum range in

which the nuclear amplitude is not required to be derived from Regge theory and a phenomeno-
logical model can be used instead. For small t values the following approximation can be used :

13
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P

Figure 2.7: The measured elastic differential cross at ™ s = 7 TeV by the TOTEM collaboration

[14]

dn _dnw Bt.

T ) 0e ; (2.112)
here the nuclear slope B is a parameter that depends on the center-of-mass energy and should
be determined from data. The approximation is valid until | t|  -0.5 Ge\?, the point in the
differential elastic cross section where a distinctive dip-shoulder region arises, shown in Figure
2.7. The differential cross section beyond the bump of the slope is better approximated by a
power law. The dip-shoulder region is currently under interest by the elastic physics community.

Elastic scattered events can additionally be used to measure the total cross section, i, for pp
collisions by exploiting the optical theorem. The optical theorem is based upon the conservation

of probability and can be used to relate the ,; and the imaginary part of the elastic nuclear
scattering amplitude : D
ot =4  ImFy(t! 0): (2.12)

A complete derivation of the optical theorem can be found in the appendix B of reference [13].
Epression (2.12) can be substituted back in to (2.11) to obtain :

dn

Bt — ; — Mi2a Bt
e t:Oe jIFn(t=0)je

jReFn(t=0)+ ImFy(t=0)j% Bt

ReFn(t=0) . I (2.13)
m"' | Im FN (t —0) e

2
(+i) f=e B2

with the de nition of used for substitution :

_ ReFpn(t=0) .

= IMEN(=0) (2.14)
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2.3. Elastic Scattering

A similar substitution to relate the total cross section to the Coulomb part of the scattering am-
plitude can not be made since it does not contain an imaginary part. The value is connected
to the total cross section via dispersion relations and is important to be studied as it affects the
behaviour of the total cross section with increasing center-of-mass energy.

Coulumb Nuclear Interference

The Coulomb Nuclear Interference (CNI) describes the interference between contributions from

the Coulumb and nuclear amplitude to the total amplitude, expressed by the phase (t), given
in (2.15). The CNI term is calculated using only using tree level Feynman diagrams by West and

Yennie, which lead to the following expression :

Bijtj
(t) = In % : (2.15)
here is the Euler constant' 0.577 and also the nuclear slopeB appears. Another model by
Cahn using an eikonal approach in which the effect of the form factor of the proton was included
BlY +1n 1+—B8 +ﬂln @:

(t) = +1n . 2N

(2.16)

Final Expression

Combining (2.9), (2.11) and (2.15) leads to the full expression of the elastic differential cross
section :

de_. i) i2
dat ~ J':c<I93 + FnJ
2 7G (t)2 i (t) . ot Bt=2 2
= — + +
i € ( |)4 e (2.17)
_ 4 2G(n)* G (1)?

2
2 o =g cosC (D) +sin( (O))e PTE+( P 1) ppte O

The rst term is attributed to the Coulomb component, the middlest term including the phase

is attributed to the interference region and the last term is attributed to the nuclear component.
Figure 2.8 shows the elastic differential cross section and separately highlighted in red, green
and blue its three components it consists of. Expression (2.17) is used here, in which the dipole
approximation for the form factor, the West-Yennie model for the interference phase and a pure
nuclear exponential decay are used.
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Figure 2.8: Theory plot of the elastic differential cross section with oy = 68.0 mb, B = 17.0 GeV
and =0.12

From Figure 2.8 it can be seen that the Coulomb part dominates the differential cross section,
(2.17), at very small four-momentum transfer squared t, due to its 1/ t? dependence. It is under
the smallest scattering angles where the Coulomb part dominates the elastic events and where
the experiment is sensitive to the delivered luminosity by the LHC machine. The Coulomb term
is well understood from QED and can therefore be used to extract the integrated luminosity, L :

de_ 1dNg 1dNc _ 4 2G(1)*

dt L dt L dt t2

The luminosity is an important experimental quantity that is needed to scale the number of ob-
served events, N, to the cross section of that particular process. The precision on the luminosity
is therefore of importance since it directly impacts the precision one can achieve with a certain
measurement. Unlike the Coulomb term, the CNI and nuclear terms can not be used to extract
the luminosity as they both contain two additional free parameters that need to be tted from
data, namely the ; and . The concept of luminosity will be further introduced in Section 3.3.

(2.18)

The increase of the elastic and total cross section are shown in Figure 2.9. The growth of the total
pp cross section as a function of the center-of-mass energy is not yet completely understood. The
soft scattering processes that contribute to the the total cross section can not be calculated with
perturbative QCD and non perturbative methods are yet capable to calculate them from rst
principles [16]. Thus, the behaviour of the total hadronic cross section at inreasing energy can
not directly be predicted by QCD. However, it can be shown through unitarity that the rise of the
total cross section with energy is constrained to an upper limit, known as the Froissart-Martin

bound [17, 18] : ,

wot(s) In S—S;) : (2.19)
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2.3. Elastic Scattering

Figure 2.9: Total and elastic cross section as a function of the center-of-mass energy. The t does
not include the ATLAS measurement at P s=8TeV [15].

2.3.3 Elastic Models and the Importance of Rho

Theoretical values for the elastic differential cross section, parameter, nuclear slope B and

ot are predicted by models based on Regge theory. These predicted values will be compared
here to the experimental results obtained from the LHC experiments. The models contain a
prohibitively large amount of free parameters to be used for tting purposes in the analysis
framework and hence the simpli ed model given by (2.17) was used in previous elastic analyses
by ALFA [19, 15, 4] and [20]. The data used for the analysis presented here is of the smallest
reachablet-values, and is aimed to determine the values of ,; and . The pure nuclear slope
region is contained in a second data set, which was also taken during the elastic physics pro-
gram run at a center-of-mass energy of 900 GeV.

Multiple models and their corresponding predictions for and g are shown in Figure 2.10.
All models in here, with the exception of the bottom three in the legend, are calculated by the
COMPETE collaboration in 2002 [21]. The remaining three models are, in the order of their ap-
pearance in the legend: the best ranked COMPETE model modi ed by PDG [22], the AGNM
model [23] and the FMO model [24]. The FMO model differs from all other models since it is the
only model to includes a new exchange of a (quasi) particle called the Odderon. Furthermore,
LHC measurements of and it by TOTEM [25, 26, 3] and ALFA [19, 15] are depicted with the
black and purple markers, respectively.

The measured value of the parameter at P s =7 TeV by the TOTEM coIIaboratioB has a too
large uncertainty and is therefore ambiguous. A deviating value of emerges at s =8 TeV,
clearly visible in Figure 2.10. The Iatgst values of  and released by the TOTEM collabora-
tion for the center-of-mass energy of = s =13 TeV are shown on the furthest right in both graphs.

Despite the fact that the value of 4 is in good agreement with the standard best COMPETE
prediction, the value of the parameter is in strong disagreement with the COMPETE predic-

tion and con rms the tendency of a decreasing value of  [24].
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Figure 2.10: This gure shows multiple models and their corresponding predictions for the
values of and o [20]. Left: The value of as a function of the center-of-mass energy. Right:
The value of 1y as a function of the center-of-mass energy.

The parameter is related to the total cross section by dispersion relations and the measurement
of givesinsightin the behaviour of the total cross section with energy evolution. A lower value
of mightindicate a slow down of the rise of the total cross section with energy. Under the tradi-
tional assumptions by the Regge theory, at high enough energy the particle-particle cross section
becomes asymptotically equal to the particle-antiparticle cross section, assured by the inclusion
of the Pomeron trajectory.

Figure 2.11: Pomeron exchange. Figure 2.12: Odderon exchange.

Models have traditionally only included an even number of gluons exchanged between protons.
The Froissaron and Maximal Odderon (FMO) model is an example of a model including the
Odderon [24]. The Odderon is an additional (quasi) particle to the Pomeron, that is exchanged
during the interactions between protons. The Odderon has been rediscovered in QCD, but also
in approximations such as the Color Glass Condensate (CGC) scheme and in the dipole picute.
Where the Pomeron takes account for the exchange of compositions containing an even number
of gluons, the Odderon does account for the exchange of odd numbered compositions of gluons.
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2.3. Elastic Scattering

That there have not been earlier strong indications of the existence of the Odderon comes
from differences between particle-particle and particle-antiparticle at high energies. However,
at highest energies there are currently no pp and pp colliders running at the same energy and
furthermore it is only with the LHC that the experiments started to probe the high energy re-
gion. The result from TOTEM is therefore of high relevance in the study of this phenomenon. In
their paper the authors have re tted all data available forthe o and and found that no single
COMPETE model is able to describe the latest data. They have found that their model including
the maximal Odderon, a particular case of the Odderon, leads to a satisfactory t value [24]. The
phase of the elastic scattering amplitude described by the best COMPETE t and FMO model
are shown in Figure 2.13 for both ppand pp interactions.

Figure 2.13: The phase of the elastic scattering amplitude, predicted by the FMO model and
with the best COMPETE t for comparison. Only TOTEM data was used for this study [24].
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2.4 The 900 GeV Physics Case

The elastic pp scattering physics program in LHC era has provided precise measurements of the

parameter and total cross section in a new energy regime. Results from 8 and 13 TeV show
strong indications that the high energy physics community is confronted with possible new
phenomena. These new possible phenomena related to the value of the parameter have been
discussed in the previous section, and are [27] :

1. A slow down of the rise of the total cross section with energy
2. The exchange of a 3 gluon compound in elastic scattering

These two effects, the cross section saturation and the odd gluon exchange could both be present
without being mutually exclusive [3]. The rst can be calculated via dispersion relations and
the second implies new models that incorporate the exchange of a new (quasi) particle. There
are several theoretical models and they each provide predictions for the evolution of as a
function of the center-of-mass energy. These models all predict the lower value than what was
previously anticipated by traditional models of the pre-LHC era. Moreover, the evolution of

at lower energies is also modi ed by these new models. It is in the zone near 900 GeV where
a precise measurement of the parameter can contribute strongly to separate between the two
scenarios. At 900 GeV, the new models foresee different values for the parameter that do not
match the pre-LHC prediction, whereas a slow down of the rise of the total cross section would
not modify the value of the  parameter compared to the pre-LHC prediction.
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Chapter 3

The Large Hadron Collider

Both experiments presented in this work are installed at the LHC, currently the largest and most
energetic particle accelerator in the world. The LHC accelerator forms an important part of
the experimental setup as provider of particle collisions. Up to this point the accelerator has
brought protons in collision at various center-of-mass energies with 13 TeV being the highest
accomplished energy. During the second long shutdown period (LS2) the machine and exper-
iments are prepared for operation of pp at the design energy of 14 TeV. Control of the particle
beam inside the accelerator is essential for the success of the dedicated elastic physics experi-
ment. In this section the relevant factors for the elastic analysis on the LHC are described. A
brief introduction to the accelerator complex and in particular the LHC are given. The collima-
tion has a large impact on the elastic measurements and its schemes are introduced here. Unless
otherwise stated, the presented information in this chapter is obtained from [28] and [29].

3.1 The CERN accelerator complex

Located at the border between France and Switzerland, the CERN accelerator complex has grad-
ually evolved since the establishment of the organisation in 1954. Over the course of time, new
and more energetic accelerators have been build to always keep exploring the forefront of par-
ticle physics. These accelerators have successfully contributed to several breakthroughs in the
eld. On its way CERN's accelerator complex has developed to more than a facilitator restraint
to the experiments conducted at the energy frontier. A complete overview of the accelerator
complex as it was during LHC Run 2 (2015-2018) is shown in Figure 3.1.

The injection chain into the LHC starts with the injection of hydrogen gas into a metal cylinder.

An electric eld ionizes the hydrogen and then the protons are sent into the Radio Frequency
Quadrupole (RFQ). The RFQ is the rst part of the linear accelerator (LINAC) 2 that bunches,
focuses and accelerates the continuous stream of protons by using radio frequency elds only
[30]. The bunches are then sent into a linear succession of Radio Frequency (RF) cavities accel-
erates the protons to 50 MeV. They then enter the rst circular and smallest synchrotron of the
accelerator chain, the Proton Synchrotron Booster (PSB), increasing the beam energy up to 1.4
GeV. The Proton Synchrotron (PS) accelerates further to 25 GeV and in the Super Proton Syn-
chrotron (SPS) the beam reaches 450 GeV, the injection energy of the LHC. Up to the SPS the
protons circulate in one direction only. Injection into the two rings of the LHC is done at two
different positions and in opposite direction with respect to each other.
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Figure 3.1: The CERN accelerator complex [31].
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Figure 3.2: Overview of the octants of the LHC [28].

3.2 LHC

The LHC is housed in a circular underground tunnel with a circumference of 27 km that lies
between 50 to 175 m beneath the surface. The LHC accelerates and collides the two counter
rotating beams, beam 1 clockwise and beam 2 anticlockwise. The 50 mm diameter beam pipes
contain an ultra high vacuum of 10 1°to 10 ! mbar to reduce the likelihood of protons inter-
acting with gas molecules. The ring consists of 8 insertion regions (IR) interleaved with 8 arcs,
which together form octants, shown in Figure 3.2. An octant starts at the heart of an arc and con-
tinuous until the centre of the next arc, with in the middle one insertion. The insertion consists
of one full straight section of approximately 528 m with on each side a dispersion suppressor. In
the middle of the insertion is the insertion point (IP), the number following the octant number-
ing. In 4 of those points the beams are exchanged from the inner to the outer ring or oppositely.
These insertions points where beams are brought into collision are also called interaction points
(IPs). The interaction points are IP1, IP2, IP5 and IP8. The four IPs are depicted in Figure 3.2
with blue stars and are home to the following experiments: ATLAS, ALICE, CMS and LHCb. At
insertions 2 and 8, beams are injected from the SPS into the outer ring. The 16 RF cavities form
the accelerator system at insertion 4. Cleaning is done at insertions 3 and 7 using collimation
systems. Insertion 6 contains the beam dump system. An arc contains superconducting dipoles,
guadrapoles, sextupoles and decapoles.

The accelerator mainly has two purposes: to increase the particles energy and to govern the
particles direction. An electric eld is used in the RF cavities to accelerate the particles. The
dipole magnets are used to bend the beam around the arcs and the higher order magnets are
used for focusing and correcting the beams. A particle with carrying a net charge and moving in
an electric or magnetic eld experiences a Lorentz force. The force is proportional to the particles
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Figure 3.3: The principle behind the RF cavities with the two energy regimes for which the slip
factordetermines how the phase of the electric eld should be set [20]. The synchronous particle
is depicted by the green dots, the asynchronous low energy particle with the red dots and the
asynchronous (ultra) relativistic particle with the blue dots.

charge q, its velocity v and the electric and magnetic eld strengths E and B:
F=qE+v B): (3.1)

The acceleration of the protons is done using an oscillating electric eld in the direction of the
beam. The cavities of the accelerator system operate at a radio frequency of about 400 MHz.
During acceleration the phase of the oscillation is adjusted until the desired energy is reached,
which for the special physics run is 450 GeV per proton. This is the energy that is reached by SPS
in order to inject the bunches into the LHC. A particle that carries the right energy will always
hit the electric eld in the same phase. Such a particle is synchronous and receives an equal
kick every pass by of the RF system. A synchronous patrticle is depicted with the green color in
Figure 3.3. Since there are many particles contained in the bunches, they will have a certain en-
ergy spread and therefore partly hit the electric eld in a different phase than the synchronous
particle. During the acceleration of a particle there are two energy regimes to distinguish for
which the phase needs to be adjusted in order to deal properly with the asynchronous parti-
cle. The effect of having too low (high) energy for the two energy regimes leads to an opposite
change in the revolution frequency. Initially a momentum increase mainly leads to a velocity in-
crease, hence the revolution frequency increases. When dealing with a (ultra) relativistic particle
a momentum increase mainly leads to a circumference increase, hence the revolution frequency
decreases [32]. The two cases are depicted in Figure 3.3, the former with the red colored dot and
the latter with the blue colored dot. For low energy, a particle carrying too much (low) energy
will arrive early (late) and receive a smaller (larger) kick, seen on the left-hand (right-hand) in
red. A high energies this is inversed and a particle containing too much (few) energy will arrive
too late (early) and receive a smaller (larger) kick, seen on the left-hand (right-hand) in blue. The
phase should therefore be adjusted according to the regime, such that the particles will either
face the rising or the falling side of the oscillating electric eld. In this way balancing around a
certain energy takes place and such that the bunch structure remains intact.

The 27 km ring is for the most part lled with 1232 superconductive dipole magnets to bent the
beams around the LHC circumference, see Figure 3.4. They are complemented by many thou-
sands of higher order magnets with other functions, including insertion, focusing and correction
of the beams. Super uid helium is used to cool the magnets down to 1.9 K to become supercon-
ductive, this allows to them to be operated at a current of 11850 A to produce a eld of 8.3 T. The
magnet are monitored with the quench protection system since the superconducting state of the
material is so critically dependent on the temperature. Heat entering the magnet system can be
caused by many origins, including beam related energy release such as synchrotron radiation
or beam-gas scattering [34]. Another source that the accelerator equipment should be protected
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Figure 3.4: Picture of the LHC tunnel with an illustration of a cut out of a superconducting
dipole in which the twin aperture inside the cryostat is visible [33].

against is beam halo. These are particles that are too far out from the main trajectory, further-
more they form part of the background in the experiments.

A collimation system at IR3 and IR7 protects against regular and irregular beam losses. Collima-
tion affects the background noise observed in the experiments and managing this is key to the
realization of the experiment. Especially for the 900 GeV physics case, prior to the experiment a
series of tests were done to optimize the collimation schemes. Because of the importance of the
collimation scheme to the total feasibility of the experiment, these will be discussed separately
in Section 3.6.

3.3 Luminosity

The presented information in this section is obtained from [35]. In an experiment the beam
energy sets the window to which physical processes can be reached and the luminosity is the
scaling factor of the production cross section to an event rate. The cross section has the dimen-
sions of area and can in fact be thought of as being an effective cross sectional area. The cross
section is the probability that an interaction between two particles will occur. All the fundamen-

tal physics is contained in the cross section. Measurement of a cross section at the experiments
requires the luminosity to be determined accurately since it is often the dominating source of
uncertainty. For a xed target experiment the luminosity can be decomposed into the number

of target particles contained in a surface area perpendicular to the beam (narget ) and the rate at
which a beam passes through this area, the ux (NpeamV) :

L = NpeamV DNtarget: (3.2)

An example of this is the LHCb experiment that during special physics runs can run as a xed
target experiment by using a SMOG internal gas as target [36]. The ux tells how much the
target area is illuminated, together with the number of target particles it sets the luminosity. The
luminosity carries the unitscm 2's 1. For colliding beams the formula looks slightly different :
ning |
bz Y

L = fn (3.3)
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This is for a storage ring in which 2 beams continuously cross each other. The beams circulate
with a revolution frequency, f, having a number of colliding bunches, ny, and the number of
particles contained in these bunches for beam 1 and 2,n; and ny, respectively. This formula
assumes Gaussian beam pro les in the transverse plane and head on collisions. In reality there
are additional effects to be taken into account such as: non-Gaussian beam pro les, hourglass
effect and the crossing-angle. The luminosity or rather the instantaneous luminosity is part of
the design of a particle collider and together with the cross section of a given process it sets the
experiment's production rate :

R=L : (3.4)

Hence, the rate at which events of interest occur is depending on the instantaneous luminosity
of the machine. The sizes of the beams ;= x are therefore minimized at the interaction point.
The sizes of the beam can be controlled through  and therefore, for experiments where high
luminosity is desired the LHC is set with low . The emittance is inversely proportional to
the energy of the beam. Together, the emittance and set the beam size by relation (3.13). For
elastic data taking at 900 GeV the emittance and hence the beam size are rather larger compared
to normal runs at the energy frontier. To determine to the total amount of events produced over
a certain time period, the integrated luminosity is used. For a particular process, the relation
between the total number of occurred events, N, integrated luminosity, L and the cross section,
, Is then given by:
N=L : (3.5)

The integrated luminosity is the instantaneous luminosity integrated over time. It tells the ex-
periments the amount of events that are or can be collected in a given time period. Inversely it
is used to determine the production cross section, given the process of interest.

3.4 Beam Dynamics

Unless otherwise stated, the presented information in this section is obtained from [4, 11] and
[37]. The storage of particles is characterized by dipole magnets bending the beams along a
closed orbit and focusing magnets to keep the particles close together. In order to describe
the transverse beam dynamics one needs to know the arrangement of the machine's magnets,
including their positions and eld strengths along the ring. With a well de ned description
one can nd trajectories of the particles as well as the dimensions of the beam. To describe
the transverse motion of a particle we use a co-moving coordinate system (Xx,y,s). The x-axis
pointing towards the center of the LHC, the y-axis pointing vertically upwards and the s-axis
moving longitudinally along the ring in counterclockwise direction. The ideal particle perfectly
follows the circle, any other particle will oscillate in the tranverse plane by the focusing eld,
the amplitude of these oscillations will dictate the beam size [37]. The following derivation of
the transverse equation of motion holds as a rst order linear approximation. The following
differential needs to be solved, called the Hill's equation :

du?(s)
ds?

+ K(s)u(s) =0; with boundary condition K (s+ L)= K(s): (3.6)

Since the motion in the two planes is uncoupled, the equation holds both inthe x and y direction
separately, represented by the coordinate u. The quadrapole gradient and the weak focusing
effect (only in the x-plane) is parameterized by K(s), L is the circumference of the LHC and
hence after one full turn the lattice of magnets will repeat itself. The real part of the solution to
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(3.6) can be given by the expression for a pseudo-harmonic oscillator :

sts

o ()
in which is the phase of the oscillation, the initial condition given by (0) and the phase
advance py ( s). One recognizes the cosinus term as the oscillating part and its amplitude is
given by (s). The number of oscillations per turn is called the tune, Q, and should not be a
half integer of integer value to prevent constructing interference to happen caused by magnetic
imperfections [32]. The is the emittance of the beam and the (s) describes the oscillations
for particles that are off the design trajectory, called betatron oscillations, under the in uence of
focusing and defocusing elds along the ring. The local angle of the oscillation with the respect
to the longitudinal direction is given by :

u(s) = g (s)cos((s) (0) ; (9 (3.7)

r—— 0
W= gBn(9 @+ Geos((39 O = D @

This is called the divergence of the beam and it is of importance for elastic scattering as it in u-
ences the elastic scattering angle that is measured by ALFA. As depiction of an elastic interaction
we can use the following convention for which s=0and (0) =0 atthe interaction point. Addi-
tionally the following short hand notations areused : u(0)=u ,uq40)= u®, ()= , (0)=
()= , (s)= , (s)= and My(s) = My. Including momentum loss and momentum
dispersion together with (3.7) and (3.8), we can rewrite the solution to Hill's equation in the
following form :

2 3 2 3
u(s) u (s)
4uds)d = My 4ul(s)d;
p=p p=p
2 q_— D 3
—(cos + sin ) q ~sin Dy
My = gpl—[( S )cos (1+ )sin ] i(cos sin ) DUZ : (3.9)
0 0 1

For the elastic interaction there is no momentum loss ( p =0, hence the last entry of the column
vanishes. The dispersion only acts on the intrinsic energy smearing of the beam, which is in the
order of 10 4 rad and can thus be neglected [11]. The third column of the matrix containing
the dispersion terms D and D, is therefore irrelevant, leading to a simpli ed depiction of the
kinematics :

—(cos + sin ) sin 5_ Mu M

Mu -4 q__
pLl[( S )ecos (1+ )sin] —(cos sin ) M21 M2

. (3.10)
The parameters in (3.10) can therefore be used with the measured coordinates at ALFA to re-
construct the scattering angle at the interaction point. The set of parameters in this equation
are commonly referred to as the optics. The term optics originating from similarity of the the
effect of the magnets on the beam and optical lenses controlling light. Thus, given the optics, the
measured position at ALFA can be expressed as a linear combination of the transverse position
and the transverse angle at the point of collision, u and u® :

u= Myu + Mu;lzuo:
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Two protons that make an elastic interaction share the interaction point and the magnitude of the
angle, being oppositely oriented, one can subtract the coordinates measured at the right-hand
side from the left-hand side of the interaction point to nd the scattering angle :

u u
u  Ur=2My u®, u®= f’% (3.11)

Finding the scattering in both planes together with the momentum of the particles allows to
reconstruct the t valHe. Reconstruction methods and their resolution forms are further discussed
in Section 9.2. The sin is the effective lever arm, L¢ts , and is optimized for the vertical
direction to enhance the sensitivity to the value of t in this plane. During elastic physics data
taking the optics are put such that the phase advance, , between the interaction point and
the ALFA detectors equals =2 and that the divergence at the interaction point is very small,

0. This con guration is called parallel-to-point optics. With the magnets it is not possible to
have simultaneous parallel-to-point optics in both planes, since the beams are approached from
above and below at the ALFA stations, resulting in a detector layout for which optimizing to the
vertical plane is most advantageous.

3.5 Emittance

Unless otherwise stated, the presented information in this section is obtained from [4, 11] and
[37]. Under the in uence of focusing and defocusing elements along the storage ring, a particle
starts to oscillate around the design trajectory. At every point of the ring, s, it appears with differ-
ent coordinates in (u; u% space during every turn, mapping out an ellipse over many turns. The
many ellipses along the ring are all different. Using (3.7) and (3.8) one can derive the following
expression for the integration constant

u+2uu®+ u®=; (3.12)

here = 1* 2 s used. Expression (3.12) describes the ellipses and are referred to as Courant-

Snyder invariant, since the emittance is a constant with respect to position s. Thus, the inte-
gration constant, , is a characteristic which describes the phase space occupied by a particles
trajectory. The physical meaning is found through the area mapped out by the ellipse, given
by . Even though the ellipses look different at each position s at the ring, the area covered
in (u; uY phase space and therefore the emittance, remains invariant. Having a look at the ex-
tremes, the relative scale of the oscillations is given by , whereas the absolute scale is set by the
emittance : p__

Umax = and uo, =P~ (3.13)

From (3.13), it can be seen that for a given emittance can be either minimized to obtain a small
beam spot or maximized to obtain a small divergence.

The emittance is through its relation to the phase space of a particles trajectory considered as
a quality factor. A large area in (u;u9 space means large amplitudes and angles of transverse
motion, which would be considered as low quality. Provided that only conservative forces are
acting on the particle, Louiville's theorem states that the area mapped out is constant. The emit-
tance is therefore a property of the beam which can not be changed by external elds, such as the
optics of the LHC. However, other non-conservative forces such as interaction between particles
in a beam, collisions with beam gas and radiation affects can affect the emittance. Acceleration
will decrease the emittance since u®is inversely proportional to the particles momentum. For a
beam, an ensemble of particles, the normalized emittance refers to beam size. The transverse
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, o P— .
particle distribution is measured and the value (s) de nes the area in (u;uY space that
contains one sigma, one Gaussian standard deviation, of the beam particles :

. 1 E
n=  with =— and =p = —beam. (3.14)
c 1 2 m,

The emittance is measured in the LHC by using wire scans and beam-spot-radiation telescopes
and will be explained in Section 3.7. The special physics run at the energy of 450 GeV had a
normalised emittance of around 1-2 m in both transverse planes. The elastic physics program

was conducted with of 50/100 m in x/y plane. With parallel-to-point optics, = =2and
0, and substituting u®back by , we can rewrite (3.11) to :
p
y = y: (3.15)

From (3.15) and (3.18) one can notice that the large value of gives access to smallert values,
since it enlarges the y-coordinate at the ALFA detectors. A large value of thus enhances
sensitivity to the CNI and Coulomb region of the elastic differential cross section. Assuming
now for the moment that the elastic scattering only takes place in the vertical plane, by using
(2.6) one nds:

202
tmin = (P min)2 = pyﬂ: (3.16)

The smallest obtainable y-value by the ALFA detectors is given by a multiple, n, of the beam
size : p__

Ymin = N : (3.17)
For this elastic physics run, n was equal to 3 with a beam size, estimated at 1.5 mm. This
means that the Roman Pots, introduced in Section 5.2.5, go into the vacuum pipe with approx-
imately 9 mm opening between the upper and lower edge. Expression (3.16) can be written in
the following form :

2
tn = n2P (3.18)

Using the de nition presented in (3.14), the emittance  can replaced by the normalized emit-
tance | divided by the Lorentz factor  ( is approximately 1) to the nd the nal expression of
the smallest reachable t value :

_ 2P,

The normalized emittance , at the beginning of the analyzed ATLAS run was about 1.0 m, see
Section 9.4.2. The factor for the 900 GeV campaign is 480. Filling in these numbers, one can
estimate the smallestt value:

L 450 1.5 10 ©
min 100 480

38 10 ° GeV?: (3.20)

For the 900 GeV physics campaign the smallest reachablet-value is approximately around
3.810 ® GeV2. In the experimental setup this value was found to be higher. The reason this
is that the active material of the detectors is not directly present at the Roman Pot edge. They
are thus placed further out, resulting in higher t-values. From simulation studies prior to the
campaign it was known that the acceptance of events by ALFA would become signi cant from
about 10 “ GeV?2. This s still well into the Coulomb region, shown in Figure 2.8. The acceptance
of ALFA is discussed in more detail in Section 9.4.1.
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3.6 Collimation

The LHC rings each contain a stored beam energy that is potentially highly destructive to the
aperture. Especially the superconducting magnets of the LHC can go into transition and loose
its superconducting property if only small amounts of the stored energy are released into the
magnet. The loss of signi cant amounts of off-orbit protons must therefore be avoided and sup-
pressed as much as possible. One can not completely prevent the occurrence of beam losses,
since primary beam halo will continuously repopulate under various beam dynamics processes.
As explained earlier, the particles in the bunches undergo various interactions which leads to a
growth of the beam size. Together these processes result in a unavoidable nite lifetime of the
beam.

A robust collimation system is required for careful handling of the high beam intensities. Around

the LHC, collimators are installed at seven out of eight insertion regions at optimal positions
and at various transverse angles, see Figure 3.5 and Table 3.1. The used abbreviations are the
following, all starting with a 'T' for target. The collimator primary (TCP), collimator secondary
(TCSG), collimator long active absorber (TCLA), collimator tertiary (TCT) and collimator dump
quadrupole (TCDQ). They can be oriented to scrape the beam horizontally (H), vertically (V)
and skew (S). The material is either carbon (C), carbon bre composite (CFC), tungsten (W) or
cupper (Cu).

There are two main locations, IR3 and IR5, at which a series of collimators are placed called
‘warm insertion regions'. The collimation system should, among other things, provide ef cient
cleaning of beam halo, minimize halo-induced backgrounds in the experiments, scraping of
beam tails and diagnostics of halo population. The collimators are the closest elements to the
beams and can trigger a beam dump in case of a potential dangerous situation. It consists of
two movable jaws that approach each other to constrain the beam halo. They are enclosed in a
vacuum tank that can be rotated in the transverse plane to enable effective interception of beam
halo in either horizontal (H) , vertical (V) or skew (S) orientation. Most of the LHC collima-
tors contain pairs of 1 meter long jaws which can leave an operational gap as small as 2.1 mm.
To reduce the population of halo particles multi-stage cleaning is performed using a setup of
primary, secondary and tertiary collimators with additional absorbers. Single-stage collimation
would result in too high rates of products, inducing a quench of the superconducting magnets.
Beam cleaning is done by primary and secondary collimators made out of a carbon- bre com-
posite (CFC), additional tungsten (W) absorbers provide downstream protection [38].

For elastic physics the setup of the collimators is crucial to the conditions under which data
can be taken, since it affects the level of irreducible beam-induced background. The rate along
with the spatial distribution of the background ultimately decides whether the elastic signal can
be suf ciently extracted for analysis purposes. Special settings of the collimation system were
critical for the feasibility of the unusual conditions of the 900 GeV elastic physics program. An
appropriate collimation scheme had to be found to achieve successful data taking, for which the
Collimation Working Group (CWG), in close collaboration with the experiments, was respon-
sible. The preparation and nal setup of the collimation system is discussed in more detail in
Section 8.4 as part of the data taking conditions.
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Figure 3.5: Schematic overview of the collimation system around the LHC ring [39].

Functionality Name Plane Number Material
Primary IR3 TCP H 1 CFC
Secondary IR3 TCSG H 4 CFC
Absorbers IR3 TLCA  HNV 4 W
Primary IR7 TCP  H/VIS 3 CFC
Secondary IR7 TCSG HIVIS 11 CFC
Absorbers IR7 TLCA  HNV 5 W
Tertiary IR1/2/5/8 TCT H/V 8 w
Physics abs. IR1/5 TCL H 2 Cu
Dump Protection IR6  TCSG H 1 CFC
TCDQ H 1 C

Table 3.1: List of LHC collimators, per beam pipe. The material is either carbon (C), carbon bre
composite (CFC), tungsten (W) or cupper (Cu). (Injection collimators are not listed) [39]
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